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the case of the glycoprotein, where it often appears to be
associated with the B1 transition. In fact, with the addition
of 0.15 M NaCi at various pH's, the denaturation temper-
ature of G is markedly reduced and occurs close to the Al
transition. The response of G denaturation to pH and salt
might be explained by proposing multiple structural
domains for G which contribute to the A, as well as B1 or B
transitions.
Isolated components have been studied as well. In
particular, the nucleocapsid exhibits one thermal transi-
tion at 730C which involves the denaturation of N as
shown by thermal gel analysis.
The effect of thermal treatment on the morphology of
the virion was studied by negative stain electron micros-
copy. The results of these "Thermal EM" studies suggest
that discrete morphological changes in the virion occur
coincident with the three major calorimetric transitions.
This work was aided by grants S07-RR05349 and T32 AI-07150 from
the National Institutes of Health.
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THE M PROTEIN OF VESICULAR STOMATITIS VIRUS
VARIABILITY IN LIPID-PROTEIN INTERACTION COMPATIBLE WITH FUNCTION
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Vesicular stomatitis virus (VSV) is a simple enveloped
virus readily grown in continuous cultures of baby hamster
kidney (BHK) cells and other cell lines. The major struc-
tural proteins of the virion are three virus-coded polypep-
tides, which together account for > 90% of the viral
protein. The viral envelope consists of a bilayer of lipids
derived from the plasma membrane of the infected host
cell during budding, and a single glycoprotein, G, mol wt -
65,000 (1). A second major viral protein, the matrix or M
protein, is a nonglycosylated polypeptide, mol wt 27,000.
The N protein (mol wt - 50,000) associates with the RNA
genome to form the viral nucleocapsid.
Recent experiments utilizing VSV temperature-sensi-
tive (ts) mutants and viral pseudotypes have shown that M
protein is essential for the budding of virions or virus-like
particles from the plasma membrane of an infected cell
(2-4). Specific functional interactions between M protein
and viral nucleocapsids, and between M protein and
patches of membrane containing G protein, are implied by
these findings.
This paper summarizes experiments in which wild-type
(wt) VSV and ts mutants with lesions in the M protein (ts
M) were compared under conditions where the mutant M
protein was functional; the differences found reflect
permissible alterations that maintain M protein function.
Four different ts M mutants were routinely studied and all
gave qualitatively the same results in all the experiments
described; for brevity, results for a single mutant are
reported here. Temperature stable revertants were found
to revert to wt behavior, indicating that the altered prop-
erty of the ts M mutant was related to its phenotype. These
experiments are reported in detail elsewhere' (5, 6).
RESULTS
M Protein-Membrane Interactions
Labeling of Intact Virions with "5I-Iodoaphthyl-
azide (INA). The hydrophobic photoreactive probe
INA partitions preferentially into hydrophobic regions,
most notably the interior of lipid bilayers (7, 8). It has
been successfully used as a probe for membrane-associated
proteins (9-12). We have found that the M protein in ts M
'Mancarella, D. A., and J. Lenard. Interactions of wild type and mutant
M protein of vesicular stomatitis virus with viral nucleocapsid and
envelope in intact virions. Evidence from '25 I-iodonaphthylazide labelling
and specific cross-linking. Biochemistry. In press.
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TABLE I
LABELING WITH 125IINA*
N M
wt VSV 0.12 0.37
ts 33 0.16 0.74
ts 33r5 0.21 0.47
*Expressed as '251-INA/protein, normalized to G ± 1.0.'
virions is labeled two to three times as much as the M
protein in wt virions. Temperature-stable revertants ex-
hibit wt behavior' (Table I).
Fluorescence Photobleaching Studies of Cells
Infected with WT and TS M VSV. These experiments
measured the mobility of newly synthesized G protein on
the surface of cells infected with either wt or ts M VSV.
Fluorescein-labeled Fab fragments of anti-G antibody
were used to visualize surface G protein. The mobile
fraction of G protein on the surface of ts M infected cells
was substantially smaller than this fraction on the surface
of wt-infected cells at the permissive temperature (Table
II). The rate of viral budding also decreased in ts M-
infected cells, suggesting that the coordinate changes in
affinities of the mutant M protein give rise to a different
rate-limiting step for budding. The very large mobile
fraction on wt-infected cells suggests that most of the
surface G protein is not associated with M at any particu-
lar time; much more of the surface G appears to be M
associated, and hence immobile, in ts M infected cells (5).
M Protein-Nucleocapsid Interactions
Abundance ofa Disulfide-Linked M-N Complex
Present after Nonreducing Disruption of WT and TS M
Virions. The abundance of disulfide cross-linked M-N
complex present after disruption of virions with sodium
dodecyl sulfate in the absence of thiols was measured after
separation on polyacrylamide gels (13). The amount of
this complex was substantially reduced with ts M mutants
as compared with either wt or revertants (Table III). This
suggests a decreased association between M protein and
nucleocapsids in intact ts M virions (7).
TABLE II
MOBILE FRACTION OF G PROTEIN ON THE SURFACE
OF INFECTED CELLS
Mobile fraction
Infecting virus
310 390
(%)
wt VSV 74 ± 13 (19)* 73 + 13 (52)
ts 33 48 ± 13 (18) 75 + 12 (5)
*Number of measurements in parentheses (reference 5).
TABLE III
M-N COMPLEXES AFTER NON-REDUCTIVE
DISSOCIATION IN SDS
M-N/G*
wt VSV 0.41
ts33 0.18
ts 33r5 0.44
*Average values from three experiments.
M-Nucleocapsid Affinity After Disruption with
Nonionic Detergents. M protein is an effective inhibitor
of the RNA polymerase activity of the nucleocapsid (mol)
of VSV (14). In wt VSV or in ts M revertant preparations,
much higher concentrations of salt are required to reverse
this inhibition, i.e., to disrupt the M-nucleocapsid interac-
tions, than in ts M preparations (Fig. 1). This indicates
that M protein has predominantly electrostatic interac-
tions with functional nucleocapsids; these interactions are
apparently weakened by mutation to a ts M form (6).
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FIGURE 1 M protein-mediated inhibition of VSV transcription in vitro.
The NaCl-dependence of in vitro transcription, measured by incorpora-
tion of H-UTP, was tested, Wt VSV ([l-l}l) and 33r5 (O-O), at
tsM revertant, exhibited similar patterns of NaCl-dependence in the
reaction. M protein-mediated inhibition was reversed at lower NaCl
concentrations when ts33 (- *), at tsM mutant, was tested.
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DISCUSSION
These results yielded the following conclusion: all ts M
mutants exhibit a coordinate increase in association of M
with membrane (or viral envelope) and a decrease in
association with nucleocapsid. The mechanism for this
alteration in phenotype cannot be fully understood until
the complete structures of the wt and ts M protein are
known. However, one can construct a simple explanation
for the coordinate alterations by assuming that two inde-
pendent binding sites govern the affinity of M for
membranes and nucleocapsids, and that the mutation
directly affects only the nucleocapsid binding site. The
coordinate effect could then be produced simply by mass
action:
M - Nucleocapsid .MS1 M - Membrane.
Alternatively, there could be a portion of the M polypep-
tide that interacts with the membrane only under condi-
tions of reduced interaction with the nucleocapsid. In this
case, the two binding sites would not be completely inde-
pendent.
Results with the ts M mutants demonstrate that the
biological function of the M protein can be maintained in
at least two different conditions of lipid-protein associa-
tion; whether these two conditions are statistical or confor-
mational is not addressed by our findings.
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INSERTION OF BACTERIOPHAGE M13 COAT PROTEIN
INTO MEMBRANES
MARCIA MANNING, SUSAN CHRYSOGELOS, AND JACK GRIFFITH
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The filamentous bacterial viruses (Ml 3, fd, f1) provide an
exceptionally good model system for studying factors that
govern the insertion of proteins into membranes. 2,700
copies of the viral B protein are arranged with helical
symmetry around the circular single-stranded DNA to
form a long filamentous virion so tightly constructed that
it is impervious to detergents, urea, proteases, and heating.
However, during phage penetration, this tight association
is somehow altered to allow insertion of the phage coat
protein into the cell membrane and release of the viral
DNA. In vitro studies have shown that isolated B protein
can be incorporated into synthetic lipid vesicles as the
vesicles are formed, and that maximum incorporation
occurs at the phase transition temperature of the lipid (1).
However, isolated B protein does not insert into preformed
lipid bilayers. Apparently, in vivo, the construction of the
virion facilitates insertion of the protein into the
membrane, but this insertion mechanism has been difficult
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